Background Mitomycin C (MMC) produces signiWcant upregulation of thymidine phosphorylase, a principal determinant of the therapeutic index of capecitabine-based treatment, starting 4-6 days after treatment. On the basis of the time-dependency of this upregulation, we performed a phase I dose escalation study of capecitabine and MMC in patients with gastrointestinal malignancies. Methods A total of 29 patients with advanced gastrointestinal malignancies received MMC at 6 mg/m 2 on day 1 and capecitabine escalated in four successive patient cohorts of doses 500-1,000 mg/m 2 /day twice daily on days 8-21, every 28 days. MMC was capped at 36 mg/m 2 . Results A total of 29 patients were enrolled and 90% had at least one prior treatment in the metastatic setting. There was one DLT, grade 3 hand and foot syndrome, at dose level four. The most common toxicity was fatigue (61%). No patients experienced grade 4 toxicities. Nine patients experienced prolonged stability of disease. Conclusion Capecitabine in combination with MMC in the proposed schedule is well-tolerated with evidence of preliminary activity. The recommended dose for phase II studies are MMC at 6 mg/m 2 on day 1 of a 28-day cycle with the dose capped at 36 mg/m 2 , in combination with capecitabine at 1,000 mg/m 2 twice daily on days 8-21.
Introduction
The American Cancer Society (ACS) estimated that there were 1,444,920 new cases of cancers in 2007, out of which 271,250 (19%) were gastrointestinal (GI) cancers [1] . Additionally, there were 559,650 deaths from cancer in 2007, with 134,710 (24%) disproportionately from GI cancers [1] . Two of the four most common cancer killers are GI cancers including colorectal and pancreas cancers [1] . Moreover, three of the four most lethal cancers (with 5-year survival rate <20%) are GI cancers including pancreas, liver, and esophageal cancers [1, 2] . As such, GI cancers remain some of the most diYcult cancers to treat, with limited treatment options, very few salvage regimens, and a relatively poor outcome [1, 2] .
Mitomycin C (MMC) is a classic bioreductive compound with production of superoxide radicals resulting in inhibition of DNA synthesis and function [3] . MMC was Wrst approved for clinical use in pancreas and gastric cancer by the United States Food and Drug Administration (FDA) in 1974 [4] . MMC is an eVective anticancer agents used for the treatment of a broad variety of gastrointestinal tumors including gastric, pancreatic, biliary tract, colorectal, and anal cancer [5] . SigniWcant concerns have been raised about the cumulative dose (>50 mg/m 2 ) related toxicity produced by MMC [6] . By capping its total dose and limiting the individual dose, this toxicity may be markedly reduced. In our experience, we found that when MMC is given at an individual dose of 6 mg/m 2 and capped at a cumulative dose of 36 mg/m 2 , it is safe and tolerable with no reportable cases of TTP/HUS [7] . In various combination studies conducted by our group, this dose/schedule was also found to be associated with noticeable activity in patients with various solid tumor malignancies [8] [9] [10] [11] .
Capecitabine was designed as an orally administered, tumor selective Xuoropyrimidine, preferentially converted to 5-Xuorouracil (5FU) at the tumor site by the higher levels of thymidine phosphorylase (TP) in tumor tissues compared to normal tissues [12] . Due to the preferential expression in tumor tissues of the rate-limiting enzyme TP in converting capecitabine to 5-FU, capecitabine has been shown to have a superior therapeutic index to 5-FU in preclinical studies [13] . Capecitabine has widespread activity in most if not all GI malignancies as shown by multiple studies using it either as a single agent or in combination with other agents [14] .
Since a principal determinant of the therapeutic index with capecitabine-based treatment is the level of TP activity in malignant tissues, therapeutic strategies which maximize TP activity can result in higher antineoplastic eYcacy after administration of capecitabine. Indeed, transfection of the TP gene into the DLD-1 human colon cancer cell line, which is TP-deWcient and highly resistant to 5Ј-deoxyXuorouracil (5Ј-DFUR), has been shown to increase TP activity by 1,068-fold and sensitivity to 5Ј-DFUR by 1,070-fold [15] . MMC produces signiWcant upregulation of the TP starting 4-6 days after treatment persisting for at least 10 days [16] . There is also evidence for upregulation of TP by MMC in human subjects with colorectal cancer. In one study, biopsy specimens were obtained preoperatively through colonoscopy and then patients received neoadjuvant therapy with MMC followed by surgery after 1-12 days [17] . TP was shown to be upregulated in the group of patients with operations over 6 days after MMC, in contrast to patients with operations less than 6 days after MMC [17] .
On the basis of the time-dependency and transience of this upregulation, we performed a phase I study of a pharmacobiologically based scheduling of escalating doses of capecitabine in combination with MMC at a dose of 6 mg/m 2 and capped at a cumulative dose of 36 mg/m 2 . The aim of this study was to determine the maximally tolerated dose (MTD) of this combination in patients with GI malignancies.
Patients and methods
This was a dose escalation phase I study searching for the MTD of capecitabine in combination with MMC. The study was conducted at the Ohio State University and approved by the Ohio State University institutional review board (IRB).
Eligibility
Patients were required to have histologically conWrmed gastrointestinal solid tumor malignancy (with the exclusion of lymphomas and sarcomas). Up to two prior chemotherapy regimens in the metastatic setting were allowed. At least 4 weeks from the end of any chemo-or radiotherapy to the start of the study was required. Exclusion criteria included the following: age less than 18 years and pregnant or lactating women; psychiatric disorders that would interfere with consent of follow up; uncontrolled intercurrent illness including, but not limited to, clinically signiWcant cardiac disease not well-controlled with medication (e.g., congestive heart failure, symptomatic coronary artery disease, and cardiac arrhythmias) or myocardial infarction within the last 12 months, and serious concurrent infections; patients being anticoagulated with warfarin-based medications; patient with a known history of severe hypersensitivity reaction to Xuoropyrimidines; and patients with previous exposure to MMC or capecitabine. All women of childbearing capacity were required to have a negative pregnancy test prior to study entry, and both men and women of childbearing capacity were required to utilize an eVective contraceptive method, while on the study and for 3 months thereafter, if applicable. Patients were required to have an ECOG performance status of 0-2, as well as a life expectancy of at least 12 weeks. Patients were required to have adequate organ function deWned as follows: absolute neutrophil count (ANC) greater than 1,500/mm 3 ; hemoglobin >9 g/dl; platelet count ¸1,00,000/mm 3 ; creatinine <1.5 upper limit normal (ULN); serum bilirubin ·ULN; and AST/ALT ·2.5 ULN (<5 ULN if due to liver metastases). Patients were to have no evidence of any active serious infection, and they were to be free of other malignancies foŗ 5 years (except basal and squamous cell skin cancers and carcinoma in situ of the cervix). Other exclusionary criteria included lack of physical integrity of the upper gastrointestinal tract, inability to swallow tablets or malabsorption syndrome, and patients who have an organ allograft.
Treatment plan
Treatment was administered on an outpatient basis. Four dose levels were planned, with the dosage and dose escalation detailed in Table 1 . Each cycle was deWned as 28 days. Essentially, MMC was given at a dose of 6 mg/m 2 over 30 min through a central venous access catheter on day 1. The cumulative dose of MMC was set at 36 mg/m 2 (6 cycles), with patients having the option of continuing on the same dose/schedule of capecitabine alone after the MMC cap is reached. As shown in Table 1 , capecitabine was given orally, twice daily, on days 8-21 with doses escalated in successive patient cohorts with a target maximal daily dose of 2,000 mg/m 2 as is standard of practice in the United States [18] . Dose-limiting toxicity (DLT) in the Wrst two cycles of therapy was deWned as follows: any grade 4 neutropenia lasting more than 5 days or accompanied by ¸grade 2 fever, or any grade 4 thrombocytopenia; grade 3 or 4 nonhematologic toxicity that results in an interruption of capecitabine for more than 5 days; grade 3 or 4 non-hematologic toxicity (except for alopecia or nausea and vomiting not appropriately controlled by medication); clinical inability (due to toxicity) to start the next cycle of treatment within 2 weeks of planned start date. Toxicities should be considered drug-related by the investigator to be designated as DLT. Three patients were initially entered at Dose level 1. In the absence of a DLT in the Wrst 2 cycles in any of these three patients, the next patient was entered at Dose level 2. The same principle was exercised for escalation to dose level 3. When MTD was determined, 9 additional patients were planned to be enrolled at this level to better deWne toxicity and eYcacy. At any given dose level, if 1 of 3 patients had a DLT, 3 additional patients were entered at that dose level. The maximum-tolerated dose (MTD) was the highest dose level at which 3 of 3 or 5 of 6 patients tolerated the dose without DLT. Prophylactic use of colony-stimulating factors or erythropoietin was not permitted in the Wrst two cycles, in order to better deWne DLTs.
Dose modiWcations
Separate criteria for dose reductions were followed for MMC and capecitabine, depending upon the type of toxicity observed and whether it was observed within a treatment cycle or at the beginning of a subsequent treatment cycle. During the Wrst two cycles of treatment only, dose modiWcations were limited to the occurrence of dose limiting toxicities only. During the dose escalation period, patients experiencing a DLT were allowed to continue receiving treatment as outlined at the dose level previously found to be safe. Dose adjustments during a course of therapy were based on toxicity observed the day of treatment. Dose adjustments for hematological toxicity during a course of therapy were based on the blood counts obtained in preparation for that day of treatment. All subsequent dose adjustments were relative to the dose given at a previous week of that cycle. In general, grade 3 and 4 toxicities (grade 2-4 for diarrhea and grade 2-3 for hand and foot syndrome; with the exception of grade 3 neutropenia, grade 3-4 anemia and lymphopenia) required dose omission for capecitabine, with resumption at the original dose within a course when the toxicity had resolved to ·grade 2. Dose modiWcations of capecitabine were based on the total daily dose administered. Capecitabine treatment interruptions were considered as lost treatment days, missed doses were not to be replaced, and the planned treatment schedule was maintained.
Dose adjustments for MMC and capecitabine at the start of a new cycle of therapy (excluding cycle #1 and #2) were based on the worst toxicity observed during the previous cycle of therapy and were relative to the starting doses of each drug received in the previous cycle. A new course of therapy was to begin when the granulocyte count waş 1,500/mm 3 , the platelet count was ¸1,00,000/mm 3, and any other treatment-related toxicities were ·grade 1; otherwise, treatment was to be withheld and the patient re-evaluated 1 week later. If the treatment was held for more than 3 weeks, then the patient was removed from the study.
Evaluation
Radiological assessment was done by CT or MRI (as long as the same consistent measure was used serially) every 8 weeks and responses were measured according to the RECIST criteria [19] . This study utilized the CTC version 3.0 for toxicity evaluation (http://ctep.info.nih.gov/CTC3/ctc_ind_term.htm). Table 2) A total of 29 patients with various gastrointestinal malignancies and a majority of colorectal, esophageal, and Table 2 . The median age was 61, and 72% of the patients had a performance status of 1. Twenty-Six patients had undergone more than one prior therapy including 19 with prior exposure to 5FU. A median of two cycles was administered per patient (range, 1-13+ cycles).
Results

Demographics (
Adverse events and DLTs (Tables 1, 3) Four patients were enrolled at treatment dose level one, Wve at level two, four at level three, and 16 at level four (Table 1) . Five patients were considered not evaluable for DLT for the following reasons: three patients were not compliant with the instructions on capecitabine administration missing some of their planned doses during their Wrst cycle with no signiWcant toxicities noted. Two more patients were taken oV the study before completing two cycles due to complications clearly unrelated to therapy and likely related to their cancer progression (such as obstruction of biliary stent). All Wve patients were replaced in their respective cohort (see Table 1 ). We observed one DLT, grade 3 hand and foot syndrome, at level four. No further DLTs were observed. All patients were evaluable for toxicity except one who was lost to follow up. Thirty-eight percent of patients required dose reductions and/or delays (DR/DD) after a median of three cycles (range 1-6 cycles). Toxicities leading to DR/DD included thrombocytopenia (6), hand and foot syndrome (3), and fatigue (2). The most common toxicities of any grade were fatigue (61%) and anemia (43%). The most commonly experienced grade 3 toxicity was lymphopenia (14%). There were no grade 4 toxicities. All toxicities were manageable and reversible.
Preliminary antitumor activity (Table 4) A total of 29 patients were enrolled on this study with 3 nonevaluable for response as they were removed from the study before restaging scans were done. Reasons for removal from study were rapid symptomatic progression (2) and loss to follow up (1) . Additionally, one patient was non-evaluable for time to tumor progression as he was withdrawn due to lack of compliance with supportive therapy, and then was switched to an alternative therapy by his treating physician before evidence of progression was documented. There were no objective responses observed. Nine patients experienced prolonged stabilization of disease (>4 months). The distribution of prolonged stable disease was as follows in evaluable patients: colorectal cancer (3/9), esophageal cancer (3/8), pancreas cancer (2/5), and gastric cancer (1/1). Two patients had disease stabilization that lasted beyond 1 year. The Wrst patient had metastatic colorectal cancer with intrathoracic lymphadenopathy and pulmonary metastasis, and had progressed on FOLFOX/ bevacizumab followed by irinotecan/cetuximab before having enrolled on the study. The patient continues to show evidence of stable disease after 13 months on study. He also has had evidence of tumor marker response (best CEA response was a 50% drop from baseline). The other patient had a diagnosis of metastatic esophageal cancer involving the mediastinal and lower abdominal lymph nodes as well the liver and the lungs, and he has had failed cisplatin and 5FU before enrolling on the study. He showed evidence of stable disease that lasted 12.5 months, and had a tumor marker response (Ca 19-9 dropped from 43.64 to <15 U/ml with 35 U/ml being the upper limit of normal).
Discussion
Mitomycin C (MMC) and capecitabine have shown evidence of activity in a variety of gastrointestinal malignancies [4, 5, 14] . Preclinical as well as clinical studies have suggested that MMC produces signiWcant upregulation of tumor speciWc levels of TP starting 4-6 days after treatment and persisting for at least 10 days [16, 17] . Since a principal determinant of the therapeutic index with capecitabinebased treatment is the level of TP activity in malignant tissues, therapeutic strategies to maximize TP activity can result in higher antineoplastic eYcacy after administration of capecitabine. On that basis, we performed a phase I dose escalation study of pharmacobiologically based scheduling of capecitabine and MMC in patients with various gastrointestinal solid tumor malignancies.
This combination was found to be relatively well-tolerated with no evidence of grade 4 toxicities. Grade 3 hand and foot syndrome was determined to be the DLT in one patient at dose level 4 (MTD) with no further DLTs observed. Higher doses of capecitabine were not tested, given that the dose of 1,000 mg/m 2 twice daily for 14 days is commonplace in the US [18] . We found no evidence of MMC-related idiosyncratic or cumulative toxicities with a median cumulative dose of MMC of 12 mg/m 2 (Range = 6-36 mg/m 2 ). Although it is beyond the scope of a phase I study to assess eYcacy, we did observe a number of pretreated patients with colorectal, gastroesophageal, and pancreatic cancers experiencing prolonged stabilization of their disease. For example, in metastatic colorectal cancer (MCRC), one-third of the evaluable patients with two prior therapies in our study had prolonged stable disease (6.1, 7, and 13+ months) with 2 of those 3 patients experiencing a 40 and 50% drop in their respective CEA levels. Supporting the renewed interest in MMC in MCRC are numerous studies combining it with a Xuoropyrimidine across lines of therapy. A recent phase II study, combining MMC to capecitabine in Wrst line treatment of patients with MCRC, showed disease control rates similar to those reported with the commonly used oxaliplatin and irinotecan-based regimens [20] . Moreover, a recent phase II study with a higher dose of MMC (7 mg/m 2 ) given over a longer interval (every 6 weeks) in combination with a higher dose of capecitabine (2,500 mg/m 2 in split daily doses 2 weeks out of every 3 weeks as standard in Europe [18] ) showed an objective response rate of 15.2% in patients with MCRC previously treated with 5FU and irinotecan [21] . More recently, multiple studies showed interesting responses, when MMC was combined with other Xuoropyrimidines such as UFT/Leucovorin or tegafur-uracil in pretreated patients with MCRC [22, 23] . In our study, 90% of the patients with MCRC were previously exposed to all 3 available drugs (irinotean, oxaliplatin, and infusional 5FU) in addition to at least one of the standard biologics (bevacizumab and cetuximab) prior to recruitment.
Of course, one can raise the question about the level of contribution of one or the other agent. Single agent MMC [4, 24, 25] and single agent capecitabine have minimal activity in MCRC following documented bolus 5FU failure [26] . In our study, all patients with MCRC and the majority of the ones with esophageal cancer had prior exposure to infusional 5FU. There is also, in MCRC, evidence of improved response rates, when 5FU was combined with MMC when compared to 5FU alone, suggesting some level of synergism between the two [27] . As such, any observed beneWt is likely drawn from the combination of the two agents rather from individual activity of one of them.
In conclusion, capecitabine, in combination with MMC in the proposed schedule, is well-tolerated with preliminary evidence of activity in various gastrointestinal malignancies. The recommended doses for phase II studies are MMC at 6 mg/m 2 on day 1 of a 28-day cycle, in combination with capecitabine at 1,000 mg/m 2 twice daily on days 8-21. The dose of MMC is capped at 36 mg/m 2 . Future studies utilizing this regimen should be developed in various gastrointestinal malignancies, particularly in MCRC, where recent evidence suggests that patients with a KRAS mutation in their tumors will not beneWt from anti-epidermal growth factor receptor inhibitors, leaving around 45% of them with no options beyond the second line [28, 29] . Future studies should incorporate correlative work including serial tumor biopsies to validate TP upregulation using this schedule.
